One-sentence summary: A transcriptional regulator generated by alternative splicing uses a cryptic binding site to negatively regulate bHLH-type transcription factors that promote jasmonate responses. 
INTRODUCTION
The small-molecule hormone jasmonate (JA) mediates plant responses to various environmental stresses and developmental cues. JA has been extensively characterized for its role in controlling reproductive development (McConn and Browse, 1996; Li et al., 2004; Nagpal et al., 2005; Browse, 2009 ) and defense responses to herbivores and pathogens (Howe et al., 1996; McConn et al., 1997; Kessler et al., 2004; Glazebrook, 2005; Howe and Jander, 2008) . Increasing evidence indicates that this lipid-derived hormone also controls vegetative growth and cell differentiation responses (Staswick et al., 1992; Yan et al., 2007; Zhang and Turner, 2008; Yoshida et al., 2009; Chen et al., 2011; Yang et al., 2012) . JA regulates gene expression by controlling the abundance of JAZ (Jasmonate ZIM domain) transcriptional repressor proteins (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007; Chung et al., 2009; Pauwels and Goossens, 2011) . JAZs belong to the family of TIFY proteins that is defined by a highly conserved TIFYXG motif embedded within the ZIM domain (Vandholme et al., 2007) .
Low intracellular concentrations of the receptor-active form of JA, jasmonoyl-L-isoleucine (JA-Ile), permit JAZ proteins to accumulate in the nucleus, where they bind transcription factors (TFs) to actively repress JA-response genes. The best characterized targets of JAZ repressors are the basic helix-loop-helix TF MYC2 (also known as JASMONATE INSENSITIVE1, or JIN1) and its closely related paralogs MYC3 and MYC4 (Lorenzo et al., 2004; Chini et al., 2007; Melotto et al., 2008; Cheng et al., 2011; Fernández-Calvo et al., 2011; Niu et al., 2011; Song et al., 2011; Kazan and Manners, 2013) . In response to tissue damage or other conditions that elevate JA-Ile levels, JAZ proteins are recruited to the F-box protein COI1 (CORONATINE INSENSITIVE1), which determines the specificity of the E3 ubiquitin ligase SCF COI1 for JAZ substrates (Thines et al., 2007; Katsir et al., 2008; Melotto et al., 2008; Fonseca et al., 2009; Koo and Howe, 2009; Yan et al., 2009; Sheard et al., 2010) .
Ubiquitin-dependent degradation of JAZ proteins relieves repression of TFs, thereby allowing expression of JA-response genes (Chini et al., 2007; Thines et al., 2007) .
( Szemenyei et al., 2008; Pauwels et al., 2010) . Interestingly, some JAZs contain an EAR motif and thus may interact directly with TPL (Kagale et al., 2010; Consortium, 2011; Causier et al., 2012) . It was recently demonstrated that the repressive function of JAZ8 depends on its TPL-interacting EAR motif (Shyu et al., 2012) . Thus, whereas some JAZs repress transcription through NINJA (Pauwels et al., 2010) , other JAZs such as JAZ8 may repress gene expression by a NINJA-independent mechanism in which corepressors are recruited directly to a TF-bound JAZ (Shyu et al., 2012) .
Alternative splicing provides a mechanism to increase the repressive activity and functional diversity of JAZ proteins. The best example of this form of post-transcriptional regulation is splice variants of JAZ10 that are truncated in the C-terminal Jas motif, which mediates interaction with COI1 and MYC2 (Yan et al., 2007; Chung and Howe, 2009; Chung et al., 2010) . Alternative splicing of JAZ10 pre-mRNA generates three protein variants that differentially interact with COI1. The full-length JAZ10.1 isoform binds strongly to COI1 in the presence of JA-Ile, whereas C-terminally truncated splice variants interact weakly (JAZ10.3) or not at all (JAZ10.4) with COI1. JAZ10.3 and JAZ10.4 are more stable than JAZ10.1 in JA-stimulated cells and, as a consequence, exert dominant repression in transgenic overexpression assays (Yan et al., 2007; Chung and Howe, 2009; Chung et al., 2010) . A role for JAZ10 splice variants in attenuating JA responses is supported by the fact that jaz10 loss-of-function mutants (e.g., jaz10-1) are hypersensitive to JA, and that JAZ10 expression is rapidly induced by JA (Yan et al., 2007; Chung et al., 2008; Demianski et al., 2012) . JAZ10 may also play a role in attenuating JA-mediated defense processes under environmental conditions that prioritize plant growth over defense (Moreno et al., 2009; Cerrudo et al., 2012) .
Initial insight into the role of JAZs as transcriptional repressors came from experiments
showing that expression of truncated JAZ proteins (referred to as JAZΔJas) lacking the Jas motif results in reduced sensitivity to JA (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) . This observation is explained by the fact that the Jas motif harbors an instability element (i.e., degron) that interacts with COI1 in a hormone-dependent manner. Thus, removal of this element creates a stable repressor (Katsir et al., 2008; Melotto et al., 2008; Sheard et al., 2010) . Because the Jas motif also mediates TF binding, however, the mechanism by which JAZ10.4 and other JAZΔJas proteins interact with TFs to repress JA responses has dampening JA responses. We use this system to show that the native JAZ10 promoter is sufficient to drive JAZ10.4 protein expression and complement jaz10 phenotypes in response to JA treatment. Our findings demonstrate how JA-induced transcription and alternative splicing of JAZ10 establishes a negative feedback loop to attenuate JA responses.
RESULTS

JAZ10.4 Interacts with bHLH Transcription Factors and NINJA
As an unbiased approach to identify binding partners of JAZ10.4, we performed a high-throughput yeast two-hybrid (Y2H) screen for Arabidopsis proteins that interact with JAZ10.4. Sequence information obtained from 295 positive clones (among 3.2 x10 7 clones screened) produced a list of putative interacting proteins. Based on calculated confidence scores (Formstecher et al., 2005) , five proteins were categorized as high-confidence interactors: MYC2, MYC3, MYC4, NINJA, and GENERAL REGULATING FACTOR 6 (GRF6, also known as 14-3-3λ/GF14λ) ( Table I) . GRF6 was not identified as a JAZ10.4-interacting protein in planta (see below) and thus was not characterized further.
Sequencing of positive clones provided information on the minimal interaction domain of each prey protein (Formstecher et al., 2005) . The results suggested that JAZ10.4 interacts with the N-terminal region of MYC2, MYC3 and MYC4, and C-terminal region of NINJA (Table As an alternative approach to identify JAZ10.4 interacting partners, we used mass spectrometry (MS) to identify proteins that co-purify with JAZ10.4 expressed in cultured Arabidopsis T87 cells. The utility of this system for studying JAZ proteins was assessed by analysis of cell lines expressing YFP fusions of each JAZ10 splice variant. Confocal microscopy and western blot analysis showed that JAZ10.3-YFP and JAZ10.4-YFP accumulate to higher levels than JAZ10.1-YFP in both control and JA-treated T87 cells (Supplemental Figure 1) . This finding is consistent with previous studies showing that JAZ10.3 and JAZ10.4 are more stable than JAZ10.1 in JA-treated seedlings (Chung and Howe, 2009) . MS-based analysis of coimmunoprecipitated JAZ10.4-YFP complexes (four independent replicates) identified NINJA as a major copurifying protein (Table II) . MYC2, MYC3, and MYC4 were also identified as JAZ10.4-interacting partners in at least two of the four replicate experiments. We also identified JAZ12 and PEAPOD2 (PPD2) as components of the JAZ10.4 complex, which is in agreement with studies showing that JAZs form heteromeric complexes with other ZIM domain-containing proteins (Chini et al., 2009; Chung and Howe, 2009; Pauwels et al., 2010) . These collective findings show that JAZ10.4 interacts in vivo with NINJA and the bHLH TFs MYC2, MYC3 and MYC4.
JAZ10.4 Contains a Cryptic MYC2-Interacting Domain that is Required for Repression of JA Responses
The ability of JAZ10.4 to interact with MYC2 was unexpected because previous studies have shown that the Jas motif, which is not present in JAZ10.4, is necessary and sufficient for interaction with MYC2 (Katsir et al., 2008; Melotto et al., 2008; Chini et al., 2009) . We used Y2H assays to map the MYC2-interacting domain of JAZ10.4. The strength of JAZ10.4 interaction with MYC2 in this assay was comparable to that of the Jas motif-containing full-length splice variant, JAZ10.1 ( Figure 1A ) failed to bind MYC2. Systematic deletion analysis identified a 43-amino-acid fragment (JAZ10.4 resembles the core of the Jas motif of JAZ10 and other JAZ proteins, including a tribasic cluster of residues ( Figure 1C ). In the Jas motif of JAZ9, the central R residue within the tribasic cluster ( Figure 1C ) is essential for interaction with MYC2 (Withers et al., 2012) .
To assess whether the tribasic cluster (RRR [32] [33] [34] ) in the JAZ10.4 CMID plays a role in MYC2 binding, we mutated each Arg residue, individually and in combination, to an Ala and tested the resulting constructs for interaction with MYC2. Single and double RA substitutions had no effect on MYC2 binding in yeast. However, substitution of all three residues (RRRAAA) abolished MYC2 binding, but did not affect JAZ10.4 dimerization ( Figure 5A ). A T106A mutation had no effect on JAZ10.4 binding to either JAZ10.4 or NINJA, suggesting that the effect is specific for I107. In vitro pull-down assays confirmed that I107A eliminates JAZ10.4 dimerization and reduces the extent to which JAZ10.4 interacts with NINJA ( Figure 5B and C). MS analysis of protein complexes immunopurified from T87 cells provided additional evidence that I107A disrupts the ability of NINJA to copurify with JAZ10.4 (Table II) . Based on the number of assigned mass spectra corresponding to NINJA and JAZ10.4, we estimated that the amount of NINJA copurifying with JAZ10.4 I107A was less than 20% of that copurifying with WT JAZ10.4 (Table II) . These findings show that I107 is not only critical for JAZ10.4 dimerization, but also suggest a key role for this residue in stabilizing the JAZ10.4-NINJA interaction.
JA-induced Expression of JAZ10.4 Attenuates JA Responses
To further test the hypothesis that JAZ10.4 participates in a negative feedback loop to restrain JA responses, we tested whether expression of this splice variant from the native JAZ10 promoter is sufficient to attenuate JA responses. For these experiments, we used a 2.0 kb (Cheng et al., 2011; Fernández-Calvo et al., 2011; Niu et al., 2011) . The minimal CMID defined by deletion analysis contains a sequence (FQKFLDRRR) that has striking similarity to the central region of the conserved Jas motif ( Figure 1C) . We show that a tribasic amino acid cluster (RRR) within this sequence is required both for MYC2 binding and dominant repressor function in planta. The RRR motif may therefore be functionally equivalent to the highly conserved KRK sequence of the Jas motif, which was recently shown to be critical for binding of JAZ9 to MYC2 and nuclear localization of JAZ9 (Withers et al., 2012 ). This conclusion is supported by the finding that the CMID restores, at least in part, the ability of JAZ3ΔJas to interact with MYC2. The apparent increase in partitioning of 
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis thaliana plants were grown at 21C under long-day conditions as described by Y2H assays were replicated at least three times. A complete list of primers and constructs used for cloning into pGILDA and pB42AD are described in Supplemental Table I .
Transgene Constructs
All PCR reactions were performed with KAPA HIFI Polymerase (Kapa Biosystems) following manufacturer instructions. All primer sets used for PCR are listed in Supplemental Table I 2006). We followed a two-step selection process to obtain lines that express these fusion proteins at relatively high levels. First, transgenic seedlings were screened on MS agar plates for resistance to kanamycin (50 μg/mL). Second, a Leica M165FC Fluorescence
Stereomicroscope was used to screen the resulting kan-resistant lines for seedlings that accumulate the JAZ-YFP fusion protein in the nucleus.
Expression of the N-terminal hemagglutinin (HA)-tagged JAZ10.4 protein from the native JAZ10 promoter was achieved as follows. A 2.0 kb JAZ10 promoter sequence, similar to that described in Sehr et al (2010) , was amplified by PCR using XhoI pre-digested T31B5 bacterial artificial chromosome DNA as a template. The JAZ10 promoter was cloned directionally into pEntr-D-Topo (to generate pEntr-JAZ10promoter) using forward and reverse primers carrying NotI restriction sites (Supplemental Table I We used four PCR reactions to generate the JAZ8ΔEAR-ZIM10 construct. In one reaction, JAZ8ΔEAR cDNA was used as a template with primer set JAZ8-pENTR-FP and A, Y2H assays of JAZ10.4 deletion constructs (DNA binding-domain "bait" fusions) with MYC2 and JAZ10 4 (activation domain "prey" fusions) Yeast strains fusions) with MYC2 and JAZ10.4 (activation domain "prey" fusions). Yeast strains co-expressing the indicated bait and prey proteins were plated on media containing X-Gal. Blue-color formation in streaked yeast cells is indicative of protein-protein interaction. Photographic images were taken after 30 h of incubation at 30C. JAZ10.1 is included as a positive control. The ZIM (Z) and Jas domains are indicated. The solid black line denotes the C-terminal region that is specific for the JAZ10.4 isoform. B, C-terminal deletion constructs of JAZ10.4 were tested for interaction with , MYC2 as described in A. C, Sequence similarity between the conserved Jas motif of JAZ10 and JAZ9 and the cryptic MYC2-interacting domain (CMID) near the N-terminus of JAZ10. The underlined sequence shows the region of conservation, which includes a tribasic motif (bolded). 
JAZ8ΔEAR-ZIM10
WT JAZ8 #16-6 #21-3 #1-2 #7-4 JAZ8-ΔEAR Figure 4 . The ZIM domain of JAZ10 interacts with NINJA and is required for repression of JA responses. A, Y2H assays depicting interaction of JAZ10-JAZ8 chimeric proteins (DNA binding-domain fusions, DB) with MYC2, JAZ1, NINJA (NJA), and TPL (activation domain fusions, AD). Empty vectors were included as negative controls. Sequence regions derived from JAZ10 and JAZ8 are shown in white and gray, respectively, together with various protein domains. E, EAR motif. Y2H assays were performed as described in Figure 1 , except that the photographic image was taken after 48 h of incubation of yeast cells at 30C. B, Overexpression of a JAZ8ΔEAR-ZIM10 chimeric protein confers insensitivity to JA in root growth assays. Seedlings were grown for 8 d on MS agar plates containing or not containing 20 µM MeJA, and root length ratios were calculated as described in Figure 3C . Data show the mean ± SE of at least 11 seedlings per genotype. The asterisk denotes a significant difference (P < 0.05, Student's test) in comparison to WT. .4 line were treated with 50 µM MeJA and harvested at various times (h) thereafter. As controls, seedlings were harvested immediately prior to treatment ("0") and 8 h after mock treatment ("C") Total protein was subject to prior to treatment ( 0 ) and 8 h after mock treatment ( C ). Total protein was subject to immunoblot analysis with an anti-HA antibody to detect HA-JAZ10.4. A Coomassie-blue stained gel of protein extracts was used as a loading control (CB).
